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Method and Apparatus for producing contrast agents for magnetic resonance imaging 



The present invention relates to an apparatus and method for para-hydrogen induced 
5 hyperpolarization of a compound, and particularly for the preparation of a contrast agent for 
magnetic resonance imaging procedures. 

Background of the Invention 

Magnetic Resonance Imaging (MRI) is an important diagnostic technique. It is especially 
attractive since it is non-invasive and does not expose the patient to potentially harm&l 

10 radiation such as X-rays or radiation from radioactive materials. Significant progress has 
recently been made in the quality of images as well as finding new applications of the 
technique. The progress relies on a rapid development of the digital image processing, the 
refined Nuclear Magnetic Resonance (NMR) techniques and the development of effective 
contrast agents (imaging agents). An emerging technique of particular interest involves 

15 Magnetic Resonance (MR) contrast agents based on the principle of pre-polarization of the 
nuclear spins, also called hyperpolarization. 

For the resonance phenomena, which are the basis of NMR and MRI, to occur, isotopes with 
non-zero nuclear spin have to be present. In addition, since NMR is not an extremely sensitive 
technique, a relatively high concentration and/or a high gyromagnetic ratio is needed, 

20 especially for imaging purposes. The use of a selected isotope in a contrast agent which is to 
be injected in a patient, puts further requirements on the selected isotope, for example 
regarding toxicity. A number of isotopes have the required spin properties, but only a few are 
considered interesting for the use in contrast agents, for example the carbon isotope 13 C and 
the nitrogen isotope l5 N. The carbon isotope 13 C has many properties that would it make it 

25 useful as a functional part of an MRI contrast agent. An important feature is the long 

longitudinal relaxation time, Tj. The relaxation time needs to be long in order to have time, 
after the generation of the contrast agent, to inject the contrast agent into the patient and to 
allow the contrast agent to be transported to the organ that is to be studied. To make a useful 
MR-contrast agent of this kind, the signal strength has to be boosted significantly over the 

30 thermal equilibrium signal. Patent application WO 00/71 166, by the same applicant, describes 
a process and an apparatus for increasing the polarization and hence the signal from a small 
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organic molecule containing for example 13 C. The signal was increased with a factor 10 4 . The 
process is referred to as Para-Hydrogen Induced Polarisation (PHIP) and may comprise the 
transferring of nuclear spin-order from para-hydrogen to spin polarization in non-zero spin 
nuclei in molecules, e.g. to 13 C or 15 N nuclei. 

5 Hydrogen molecules exist in four different spin states. In one of the forms, characterised by 
antiparallel spins, the magnetic moments of the protons cancel. This form is called para- 
hydrogen. The other three forms, with a net magnetic moment, are referred to as ortho- 
hydrogen. The para-hydrogen will not rotate at low temperature whereas the ortho-form must 
rotate with a high frequency at all temperatures because of quantum-mechanical symmetry 

10 requirements of the wave function. This indicates that at low temperature the para-form will 
have a significantly lower energy, and hence is the energetically favoured form. At 
temperatures below 20 K the equilibrium ratio of para- and ortho-hydrogen approaches 100:0, 
at 80 K the ratio is 48:52 and at room temperature approximately 1 :3. The equilibration can 
be speeded up by the presence of a transition metal catalyst, e.g. Fe2C>3. Para-hydrogen relaxes 

15 slowly (if no catalyst is present) at room temperature. 

In WO 00/71 166 it is described how to catalytically hydrogenate (with para-hydrogen) 
unsaturated compounds comprising non-zero spin nuclei such as !3 C. The spin correlation of 
the protons from the para-hydrogen will be preserved during and after hydrogenation, and the 
influence on the spins of the 13 C nuclei breaks the symmetry of the spin system. The protons 

20 will now give an NMR-signal, but the non-equilibrium spin order is not sufficient to make the 
molecule useful for imaging purposes since it has an anti-phase behaviour that is not ideal for 
imaging. In the above cited applications, and further in 'Tarahydrogen-Induced Polarization 
in Imaging" by K. Golman et al., Magnetic Resonance in Medicine 46:1-5 (2001), a magnetic 
field cycling method is described for transforming the proton spin-order to carbon spin 

25 polarization. In a first step the external magnetic field is reduced (from the relatively high 
geomagnetic field) bringing the combined proton-carbon spin system into its strong coupling 
regime. In this regime the scalar coupling (J-coupling) strongly influences the evolution of the 
spin system. The reduction of the field should be fast, giving a diabatic (non-adiabatic) 
process. In a subsequent step the field strength is slowly increased (an adiabatic process). The 

30 field cycling will result in a substantial increase in the polarization of the spins of the 13 C 
nuclei, giving an in-phase NMR-signal, and increase the usefulness of the compound as a 
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contrast agent for use in imaging procedures. However, the result of the field treatment will 
be dependent on the scalar coupling of the combined spin system and the properties of the 
magnetic field. In WO 00/71 166 examples of field cycling schemes are described that give a 
substantial improvement in the image quality. To make the method even more attractive for 
5 use in medical and diagnostic applications it would be of high value to further increase the 
degree of polarisation of the carbon spins and shorten the production times for PHIP contrast 
agents. At the same time the method should be easy to implement and not substantially 
increase the cost of the equipment for producing the contrast agent. 

10 Summary of the Invention 

The object of the present invention is to provide a method and an apparatus for producing 
MRI contrast agent with a high degree of polarisation of the imaging nuclei spins. 

The object is achieved by the method as defined in claim 1, the apparatus as defined in claim 
9, and by the computer program product as defined in claims 7 and 8. 

1 5 The method for producing contrast agent according to the present invention comprises the 

steps of obtaining a solution in a solvent of a hydrogenatable, unsaturated substrate compound 
and a catalyst for the hydrogenation of a substrate compound, hydrogenating the substrate 
with hydrogen gas (Efe) enriched in para-hydrogen (p^Efc) to form a hydrogenated contrast 
agent and exposing the contrast agent to a sequence of pulses of magnetic field for enabling 

20 spin-order to be transferred from protons in the hydrogenated contrast agent to polarization of 
a nucleus within the same molecule for enhancing the contrasting effects of the contrast agent 
adapted for use in an MR application. 

According to a preferred embodiment of the present invention the dose or part of a dose of the 
contrast agent is exposed to an initial field followed by a first pulse of magnetic field having a 
25 first magnetic field strength, a first orientation and a first duration, and to one or more further 
subsequent pulses of magnetic field, wherein two subsequent pulses differ in at least one of 
the parameters: magnetic field strength, orientation or duration. After the last pulse in the 
sequence a magnetic field of the same order of magnetic field strength and direction as said 
initial field are applied to the contrast agent. 
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The apparatus for producing MR contrast agent according to the present invention comprises 
means for producing pulses of magnetic field. The means for producing pulses of magnetic 
field may advantageously comprise orthogonal Helmholtz pairs. The magnetic treatment unit 
may further comprises means for detecting the induced magnetic signal of the contrast agent, 
5 for example a number of pick-up coils arranged in different directions. 

One advantage afforded by the apparatus and method according to the present invention is 
that contrast agent can be produced that significantly improves the image quality and/or 
speeds up the process in an MRI application and/or improves the analysis performance in an 
MNR application. 

10 A further advantage is that novel types of imaging, not possible, or very difficult to perform 
with prior art techniques, can be performed. 

The advantages are achieved by the apparatus and method according to the present invention 
by providing a high degree of polarization of the imaging nuclei of the contrast agent and by 
that the process of producing contrast agent is performed rapidly. 

1 5 Brief Description of the Drawings 

The invention will now be described in detail with reference to the drawing figures, in which 

Fig. 1 is a schematic drawing illustrating the apparatus according to the invention; 

Fig. 2 is a schematic drawing illustrating the magnetic treatment unit of the apparatus 
according to the invention is; 

20 Fig. 3 is a flowchart illustrating one embodiment of the method according to the invention; 
Detailed Description of the invention 

Parts of apparatus and parts of the process described in WO 00/71 166 are advantageously 
utilised also in the present invention. WO 00/71 166 teaches that the hydrogenation reaction is 
preferably performed by mixing gaseous para-hydrogen (or ortho-deuterium) enriched 
25 hydrogen with a solution of an unsaturated compound and a hydrogenation catalyst. 



The present invention comprises a process having the following main steps 
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100: obtaining a solution comprising a solvent, a hydrogenatable, unsaturated substrate 
compound and a catalyst for the hydrogenation of a substrate compound; 

110: introducing the solution into a chamber containing hydrogen gas (H2) enriched in para- 
hydrogen (p- *H2) in order to hydrogenate the substrate to form a hydrogenated contrast 
5 agent; 

The method according to the present invention introduces a main step of: 

120: subjecting the contrast agent to a sequence of magnetic field pulses. 

The field pulses in the sequence are typically in the order of 1 mT, their duration in thee order 
of 1 0 ms. Typically the magnetic field pulses are applied in three orthogonal directions. The 
10 magnetic field pulse sequence enables spin-order to be transferred from protons in the freshly 
hydrogenated contrast agent into polarization of a nucleus within the same molecule with a 
slower relaxation, preferably a 13 C or 15 N nucleus. An apparatus and a method according to 
the present invention for providing a magnetic field pulse sequence during the production of 
the imaging agent is described below. 

1 S The hydrogenatable substrate used may be a material such as a para-hydrogenation substrate 
as discussed in WO99/24080. For in vitro or in vivo MR studies of biological or quasi- 
biological processes or synthetic polymer (e.g. peptide, polynucleic acid etc.) syntheses, the 
substrate is preferably hydrogenatable to form a molecule participating in such reactions, e.g. 
an amino acid, a nucleic acid, a receptor-binding molecule, etc., either a natural such molecule 

20 or an analog. 

The solvent used in step 100 of the process of the invention may be any convenient material 
which serves as a solvent for the substrate and the hydrogenation catalyst. A number of 
possible solvents are discussed in WO99/24080. When the contrast agent is for use in in vivo 
MR investigations, the solvent is preferably physiologically tolerable. Water is a preferred 
25 choice of solvent, used in combination with a water-soluble catalyst. If other solvents that are 
not physiologically tolerable are used, the solvents has to be removed before use in a patient, 
for example by vacuum-spray. Other rapid solvent removal techniques, e.g. affinity 
techniques, may however be used. The solvent is preferably used at or near the minimum 
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quantities required to maintain substrate, catalyst and contrast agent in solution without 
experiencing viscosity problems during the hydrogenation reaction. 

The hydrogenation catalyst is preferably a catalyst as discussed in WO99/24080, e.g. a metal 
complex, in particular a rhodium complex. 

5 The enriched hydrogen, which may be pure ] U 2 or 2 H 2 , or a mixture of ^2 and 2 H 2 , may 
optionally contain other gases, but is preferably free from oxygen or other reactive or 
paramagnetic gases, may be prepared by cooling hydrogen, preferably to a temperature below 
80 K, more preferably to below 50 K, even more preferably to below 30 K and especially 
preferably to below 22 and allowing the nuclear spin states to equilibrate, optionally in the 

10 presence of a solid phase equilibration promoter, e.g. Fe3C>4, Fe2C>3, activated charcoal, etc. 
The enriched hydrogen is then preferably removed from the equilibrator and optionally stored 
before use. A method of preparation and storage of enriched hydrogen is described in 
WO99/24080. A preferred and novel method of storage and equipment for that purpose has 
been developed by the inventors. The enriched hydrogen is transferred to and stored in gas 

15 cylinders made of inert material. Inert in this context should be understood as made up by 
material essentially free from paramagnetic materials (primarily iron) and other para- 
hydrogen relaxing compounds (e.g. palladium). Ea ampler of iiicii materials sui table for Hie 
gas cylinders are aluminum and carbon fiber reinforced epoxy. The enriched hydrogen will 
decay slowly (in the order of 10% per week). Such a decay rate is acceptable in most 

20 applications, especially compared with the cost and handling problems of previous storing 
methods involving storing at cryogenic temperatures. 

For the hydrogenation reaction, a reaction chamber is filled with enriched hydrogen 
optionally under pressure, preferably 5-20 bar, and the catalyst and substrate solution is 
introduced either as a thin jet, by spraying or by atomising, into this reactor. If desired, the 
25 solution may be produced by mixing separate solutions of catalyst and of substrate. To ensure 
proper mixing, a distributor or a plurality of spray nozzles may be used and the chamber 
contents may be mixed, e.g. by a mechanical stirrer or by appropriately shaping the chamber 
walls to promote turbulent mixing when there is a flow of reaction mixture in the chamber. 

The process may be performed continuously with a flow reactor, e.g. a loop or tube reactor, or 
30 alternatively it may be a batch-wise process. Preferably there will be a continuous or pulsed 
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flow of enriched hydrogen and solution into the reactor, a continuous or batch-wise removal 
of liquid solution from the base of the reactor, and a continuous or batch-wise venting of 
unreacted gas from the reactor. The enriched hydrogen and solution passing into the reactor 
are preferably temperature-controlled to ensure the gas/droplet phase in the reactor is at the 
5 desired temperature. This can be achieved by providing input lines with temperature sensors 
and heating and/or cooling jackets. 

If a non-aqueous solution has been used the contrast agent is preferably mixed with water 
after the hydrogenation and the low magnetic field treatment. The water used is preferably 
sterile and also preferably essentially free of paramagnetic contaminants. The resultant 

10 aqueous solution is then preferably treated to remove the hydrogenation catalyst, e.g. by 

passage through an ion exchange column, preferably one free of paramagnetic contaminants. 
The water may be temperature-controlled as may be a mixing chamber where water and 
contrast agent solutions are mixed so as to ensure the aqueous solution enters the ion 
- exchange column at the appropriate temperature. Strongly acidic, sodium ion charged ion 

15 exchange resins such as DOWEX 1x2-400 (Dow Chemicals) and Amberlite IR-120 (both 

available from Aldrich Chemicals) resins may conveniently be used for the removal of typical 
metal complex hydrogenation catalysts. For fast ion exchange, the resin is preferably cross- 
linked to only a low degree, e.g. a 2% divinyl benzene cross-linked sulphonated, sodium ion 
loaded polystyrene resin. 

20 Removal of the non-aqueous solvent may then conveniently be effected by spray flash 
distillation e.g. by spraying the aqueous solution into a chamber, applying a vacuum, and 
driving the organic solvent free aqueous solution from the chamber using an inert, preferably 
non-paramagnetic gas, e.g. nitrogen. Indeed in general the flow of liquid components through 
the hydrogenation apparatus is preferably effected using applied nitrogen pressure, e.g. 2 to 10 

25 bar. 

The resulting aqueous contrast agent solution may be frozen and stored or may preferably be 
used directly in an MR imaging or spectroscopy procedure, optionally after dilution or 
addition of further solution components, e.g. pH modifiers, complexing agents, etc. Such 
direct use may for example involve continuous infusion or alternatively injection or infusion 
30 of one or more dose units. Bolus injection is particularly interesting. 
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The whole process from beghinixig of hydrogenation to the delivery of the finished contrast 
agent in for example a syringe may conveniently be effected in less than 100 seconds, indeed 
it is feasible to produce dosage units in less than 10 seconds, which is substantially less than T\ 
for the potentially interesting imaging nuclei. 

5 Preferably, the surfaces contacted by the contrast agent during the process of the invention are 
substantially free of paramagnetic materials, e.g. made of glasses as used for hyperpolarized 
3 He containment as discussed in WO99/17304 or gold or polymer, optionally deuterated. 
Surfaces contacting a non-aqueous solvent (e.g. acetone) should be acetone-resistant and . 
valves may be magnetically controlled and provided with solvent resistant Teflon or silicone 
10 parts. 

An apparatus suitable for producing contrast agent using the method according to the present 
invention will be described with reference to figure 1 . Hydrogen ( ! H 2 ) enriched in para- 
hydrogen is fed from the para-hydrogen source 200 into a reactor 210. A hydrogenation 
catalyst solution from a catalyst reservoir 230 and a hydrogenatable substrate solution from a 
15 substrate reservoir 220 are fed into the reactor 210. The liquid settling in reactor 210 is 
transferred to a magnetic treatment unit 240, which essentially comprises a magnetic 

— « ~1 — — i o/tc x* — - : — : j~ — * -cvu * * * « ^ j t~,» 

producing the magnetic pulses, and thence to finishing unit 250 for cleanup, quality control 
and possible addition of additives and solvent removal. The finishing unit may comprise an 

20 ion exchange column and a solvent removal chamber equipped with a spray nozzle. After the 
passage through the finishing units the contrast agent is delivered to, for example, a syringe 
for injection in a patient. Alternatively the contrast agent is stored for later usage. 
Alternatively, the magnetic treatment maybe performed directly in the reactor 210, which 
then would be equipped with means for producing the magnetic pulses. Thus the need for a 

25 separate magnetic treatment chamber 245 is eliminated. 

The magnetic treatment unit 240 may be realised in various ways, including the uses of 
resistive or superconducting elongated coils or Helmholtz coils. In a preferred embodiment of 
the invention the magnetic treatment unit 240 comprises orthogonal Helmholtz pairs. The 
magnitude of the produced magnetic field and its orientation is determined by the currents 
30 flowing in the coils. The currents are typically provided by high precision computer 

controlled current supplies (not shown). As will be discussed below, the field amplitude 
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and/or the duration of each pulses period are critical for the result. To achieve a high accuracy 
the field amplitude can be controlled electronically, for example with flux-gate stabilization, 
or the length of each period can be made dynamic if the induced signals are detected. Hence 
the magnetic treatment unit 240 is preferably provided with means for detecting the induced 
5 signal, for example pick-up coils in the x, y and z-directions. Signal detection also provides a 
means for measuring the polarization degree, which is useful for checking the quality of the 
produced contrast agent, and especially in the process of developing, and/or fine-tuning, a 
pulse sequence. 

Preferably, most of the functions are integrated in a PC environment, in particular the 
10 generation and control of the magnetic field pulse sequence. 

La the method of the present invention the contrast agent is exposed to a series of sudden field 
changes. The field changes are characterized by sudden, step-like increases and decreases. 
The principles of a magnetic field pulse sequence according to the method of the invention 
will be described with reference to figure 2. The contrast agent is initially exposed to a initial 

15 constant field in an initial direction (x), the initial field is typically less than 1 mT, for 

example the earth magnetic field. This initial field is reduced to zero in step -like fashion. At 
essentially me same time a neia is uppueu vsiep-iiKcj m a iusi uuwuun uiucicm num mo 
initial direction. This constitutes the start of the field pulse sequence. The field in the first 
direction (z) is maintained for a time-period, tj 9 in the order of 1-100 ms, and the amplitude of 

20 the field is typically in the order of 1 mT. The field in the first direction (z) is removed 
analogous to the step-like increase. The step-like increase, the short period, tj 9 of constant 
field and the step-like decrease forming the first magnetic field pulse of the magnetic field 
pulse sequence. At essentially the time of the removal of the field in the first direction (z), a 
field in a second direction (y) is applied (step-like), maintained for a time period, fc, and 

25 removed in a step-like fashion, forming a second field pulse. Subsequently a similar field 

pulse is applied in a third direction (x), typically the same direction as the initial direction, the 
duration and amplitude of which is in the same order as the previous fields. If this is the last 
pulse in the sequence, the magnetic field should typically be maintained at a constant level, 
preferably at the same level as the initial field as long as the dose remains in the magnetic 

30 field treatment chamber. The order of the pulses, their amplitudes and durations here 

described, should be considered as an example and not limiting to the scope of the invention. 
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The fields may be generated within the magnetic treatment chamber with the use of 
orthogonal Helmholtz pairs. The current flowing in the coils will determine the magnitude 
and orientation. 

The method according to the present invention of low magnetic field treatment is illustrated in 
5 the flowchart of figure 3. The method comprises the steps of: 

300: The dose or part of the dose of contrast agent is placed in the magnetic field 

treatment chamber 245. A initial magnetic field in the order of the earth magnetic 
field should be present in the chamber when the sample is placed therein. 

305: The contrast agent is exposed to a magnetic field pulse sequence, comprising the 
10 sub-steps of: 

305:1 The contrast agent is exposed to a first short magnetic pulse having a first 

field strength, a first orientation and a first duration. 

305:2 The contrast agent is exposed to a second short magnetic pulse having a 

second field strength, a second orientation and a second duration. 

15 305 :3 The contrast agent is exposed to a third short magnetic pulse having a third 

field strength, a third orientation and a third duration. 



20 305 :n The contrast agent is exposed to a n:th short magnetic pulse having a n:th 

field strength, a n:th orientation and a n:th duration. 



25 



305:N 



The contrast agent is exposed to a N:th short magnetic pulse having N:th field 
strength, a N:th orientation and a N:th duration. 
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310: A magnetic field preferably of the same order and direction as the initial field of 
step 300 is applied. 

315: The dose, or part of the dose of contrast agent is removed from the low magnetic 
field treatment chamber and transferred to the remaining (chemical) process steps 
5 performed prior to injection of the contrast agent 

Where step 305:1 correspond to a first pulse, step 305:2 to a second, 305 :n to a n:th and step 
305 :N to the N:th pulse. N is the total number of pulses. 

The field amplitude, the duration of each pulse period and the number of pulses (N) are 
critical for the result. Analysis and simulation of the spin system give indications on how to 

10 design the field pulse series. A suitable sequence for the used compound can, if the compound 
is relatively simple, be calculated or simulated/optimized from quantum mechanical 
considerations. Sequences suitable for more complex compounds are typically established 
from experiments. Also sequences for simpler compounds can typically be improved by being 
fine-tuned by experiments. The field amplitude can be controlled either electronically (flux- 

15 gate stabilization) or the length of each period can be made dynamic if the induced signals are 
detected. Signal detection also provides a means for measuring the polarization degree. 

The dynamic control comprises measuring the rotations of the magnetization vector by the 
current induced in the pick-up coils. Hence, the number of revolutions can be counted and the 
field may be switched at exactly the right moment. The dynamic control obviates the need for 
20 extremely high precision, high speed control of the magnetic field. 

The embodiment of the present invention utilizing field pulses will be illustrated with the 
following examples: The hydrogenated molecule in the examples is maleic acid, the spin 
system which is of AA'X type. The J-couplings are 15.5 Hz, 10.65 Hz, and 0.3 Hz. The 
sample is exposed to the field pulse series according to table 1: 

25 Time Field 

t<0, B=(OA1.0mT) 
te]0;8.1ms], B=(l-OmT,0,0) 
te]8.1ms;28.0ms],B=(0,0,lmT) 
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te]28.0;61.0ms], B=(1.0mT,0,0) 
t>=61 .Oms, B=(0,0,1 OmT) 



Table J: Example of a field pulse series. 

The notations in table 1 should be understood as follows: te]8.1ms;28.0ms] indicates a pulse 
5 starting at time t=8. 1 ms and ending at t=28.0 ms, i.e. the pulse has a duration of 1 9.9 ms; 
B=(0,0,1 .OmT) indicates a magnetic field of strength 1 .OmT in the z-direction of a laboratory 
frame of reference defined as the direction of the field in the surrounding of the equipment 
and the coordinate system is right-handed orthonormal. B=(1.0mT,0,0) indicates a pulse of 
the same field strength but directed along the x-axis. 

10 At the end of this sequence the polarization of the carbon nuclei is -54%. Increasing the time 
of the last period by 0.140ms will change the sign of the polarization. The polarization 
oscillates with this period for the given example, and thus the field amplitude is critical for the 
sequence timing. 



Another pulsed field example using the same spin system is shown in table 2 (notations as 
15 before): 



Table 2: Example of a field pulse series. 

At the end of this sequence the polarization of the carbon is -89%. The examples clearly 
demonstrate the dependence of the net polarization on both the amplitude and the duration of 
25 the field pulses. 



Time 



Field 



20 



te]0;36.405ms], 

te]36.405ms;85.905ms(49.500ms)], 
te]85.905ms; 116.720ms(30.815ms)], 
t>=l 16.720ms, 



t<0, 



B=(0,0,0.1mT) 

B=(0.1mT,0,0) 
B=(0,0,0.1mT) 

B=(0.1mT,0,0) 
B=(0,0,0.1mT) 



The method is preferably implemented by means of a computer program product comprising 
the software code means for performing the steps of the method by controlling parts of the 
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apparatus according to the invention. The computer program product is typically executed on 
the computer controlling the apparatus. The computer program is loaded directly or from a 
computer usable medium, such as a floppy disc, a CD, the Internet etc. 

From the invention thus described, it will be obvious that the invention may be varied in 
many ways. Such variations are not to be regarded as a departure from the inventive concept, 
and all such modifications as would be obvious to one skilled in the art are intended for 
inclusion within the scope of the following claims. 



